Fecal microbiota transplantation (FMT) is a highly effective therapy for recurrent Clostridium difficile infection (R-CDI), but its mechanisms remain poorly understood. Emerging evidence suggests that gut bile acids have significant influence on the physiology of C. difficile, and therefore on patient susceptibility to recurrent infection. We analyzed spore germination of 10 clinical C. difficile isolates exposed to combinations of bile acids present in patient feces before and after FMT. Bile acids at concentrations found in patients' feces prior to FMT induced germination of C. difficile, although with variable potency across different strains. However, bile acids at concentrations found in patients after FMT did not induce germination and inhibited vegetative growth of all C. difficile strains. Sequencing of the newly identified germinant receptor in C. difficile, CspC, revealed a possible correspondence of variation in germination responses across isolates with mutations in this receptor. This may be related to interstrain variability in spore germination and vegetative growth in response to bile acids seen in this and other studies. These results support the idea that intra-colonic bile acids play a key mechanistic role in the success of FMT, and suggests that novel therapeutic alternatives for treatment of R-CDI may be developed by targeted manipulation of bile acid composition in the colon.
Introduction
Clostridium difficile infection (CDI) has become one of the most common nosocomial infections in developed countries over the last 20 years, and more recently has become an important cause of community-acquired infectious colitis [1] [2] [3] [4] [5] [6] [7] . Antibiotic therapy is the primary trigger for CDI, and it commonly perpetuates its recurrence due to continued and progressive disruption of normal gut microbiota function [1, [8] [9] [10] .
Fecal microbiota transplantation (FMT), in which fecal microbial communities from a healthy donor are delivered into the GI tract of a patient, has emerged as a highly effective treatment to break the cycle of CDI recurrence [11] [12] [13] [14] . However, the mechanisms by which it cures recurrent CDI (R-CDI) remain poorly understood. It is known that the fecal microbiota of R-CDI patients undergoes compositional normalization following FMT [13, [15] [16] [17] [18] [19] [20] [21] , which is associated with functional restoration of secondary bile acid metabolism mediated by colon bacteria [22] . Some primary bile acids, such as taurocholate (TA), are potent germinants for C. difficile spores, while certain secondary bile acids act as inhibitors of both germination and vegetative growth of the bacterium [23] [24] [25] [26] [27] . However, a model where primary acids promote CDI, while secondary bile acids inhibit CDI following FMT, may be too simplistic. Indeed, chenodeoxycholate, one of the major primary bile acids, is an inhibitor of C. difficile spore germination [24] . In contrast, deoxycholate, one of the major secondary bile acids, can stimulate C. difficile spore germination [23, 28] . Furthermore, various C. difficile isolates have different responses to bile acid induced spore germination [27] .
In this report, we tested the effects of combinations of bile acids representative of those found in the feces of R-CDI patients prior to FMT on spore germination and vegetative growth of C. difficile. In addition, we examined whether the variations in germination response across different strains of C. difficile might be related to variation in the germinant receptor, CspC. Our results support the hypothesis that changes in colonic bile acid composition associated with FMT can inhibit CDI recurrence. The implication supports development of novel pharmacologic interventions or defined microbial consortia as therapeutics for R-CDI.
Materials and Methods

Isolation and characterization of C. difficile isolates
Isolation of C. difficile from environmental samples was done using a protocol developed by the CDC and modified for the present study. Sterile phosphate buffered saline, pH 7, with 0.1% Tween 80 (50 mL) was added to sterile bags containing environmental sample sponges. Bags were placed into a Stomacher 400 circulator (Seward Laboratory Systems, Davie, FL) and macerated at 260 RPM for 1 min. The liquid was removed and centrifuged at 3500xg for 15 min. The pellet was resuspended in the remaining buffer and a 0.2 mL aliquot of the resulting suspension was plated, in duplicate, onto pre-reduced cycloserine-cefoxitin-fructose agar with horse blood and taurocholate (CCFA-HT, Anaerobic systems, USA). A 1 mL aliquot of the suspension was also inoculated into cycloserine-cefoxitin-fructose broth (CCFB) [29] and CCFA-HT plates and CCFB tubes were incubated for 48-72 h at 37°C, under anaerobic conditions. The C. difficile colonies from CCFA-HT plates were identified using McLung Toabe agar (lecithinase and lipase-negative), blood agar (no hemolysis), PRO kit (Remel, USA), and Gram staining (Gram-positive spore forming bacilli). Presumptive C. difficile colonies were further characterized by PCR detection of the pathogenicity locus (PaLoc), binary toxin (cdtB), and C. difficile toxin regulator tcdC genes; toxinotyping; and sequence analysis of the tcdC gene for specific base pair deletions [30] [31] [32] . Confirmed C. difficile isolates also underwent pulsed-field gel electrophoresis (PFGE) analysis, allowing assignment to North American pulsotypes (NAP) based on an 80% similarity threshold in comparison with CDC reference profiles [33] . Confirmed isolates were stored in 25% glycerol at -80°C until used.
C. difficile spore isolation C. difficile cells from frozen stocks were inoculated into CCFB medium and grown anaerobically at 37°C for 48 h. Cultures were plated onto brain heart infusion, supplemented with 5 g/L yeast extract and 0.1% L-cysteine (BHIS), and grown for 7 d at 37°C under anaerobic conditions. Colonies from each plate were scraped into 1 mL of ice-cold water and incubated at 4°C overnight to release spores [25] . A 3 mL aliquot of this suspension was loaded onto 10 mL of 50% (w/v) sucrose, in a 15 mL conical tube, and centrifuged in a swinging bucket rotor at 3200 x g for 20 min at 4°C. Sucrose and vegetative cells above the spore pellet were removed, and the pellet was washed 5-times in ice-cold H 2 O to remove remaining sucrose. Spores were examined under phase-contrast microscopy to determine purity. Spore samples with > 99% purity (<1% vegetative cells) were stored at 4°C and used in our studies.
C. difficile spore germination assays
Germination assays were done as previously described by Sorg and Sonenshein [25] . Spores were heated to 65°C for 30 min and inoculated into BHIS, with or without bile acids, within an anaerobic bag flushed and filled with N 2 gas. The OD 600 was measured initially (OD6 00 (t 0 )) and every minute for 20 min (OD 600 (t)) using an EL808 Microplate Reader (Biotek Instruments, Inc., Winooski, VT). Relative OD 600 for each time point was calculated as OD 600 (t)/ OD 600 (t 0 ). Experiments were performed in triplicate.
Growth of C. difficile vegetative cells
Cells from frozen stocks were inoculated into BHIS broth with 0.1% (w/v) taurocholate and incubated overnight at 37°C under anaerobic conditions. Vegetative cells were inoculated into tubes containing BHIS, with or without bile acids, normalized to OD 600 = 0.005, and grown anaerobically at 37°C. Measurements of OD 600 were collected each hour for 12 h following inoculation, and the final OD 600 was measured after 24 h growth. Experiments were performed in triplicate.
Sequencing of C. difficile germinant receptor
Two sets of polymerase chain reaction (PCR) primers were developed to amplify CspC and were designed based on a published DNA sequence of the C. difficile germinant receptor (Francis et al., 2013) (S1 Table) . For each primer set, three PCR reactions were run in order to generate~700 bp overlapping fragments, which were subsequently used for Sanger sequencing. Samples were amplified in 50 μL reactions containing 1x PCR buffer with 1.5 mM magnesium chloride, 0.2 μM nucleotides, 0.4 μM one forward and reverse primer, 2.5 U Choice Taq (Denville Scientific, South Plainfield, NJ), and 25 ng of template. Reactions were heated to 95°C for 3 min, then subjected to 25 cycles of 95°C for 30 sec, 51°C (forward primers 1A, 1B, and 1C), 57°C (primer 2B), or 58°C (primers 2A and 2C) for 30 sec, and 72°C for 150 (primers 1A and 2A), 90 (primers 1B and 2B), or 60 (primers 1C and 2C) sec, before a final elongation step at 72°C for 15 min. Amplicons were purified with the QIAquick PCR purification kit (Qiagen, Germantown, MD) and sequenced at the University of Minnesota Genome Center. Sequences were manually edited using Chromas Lite (Technelysium Pty Ltd, Australia) and assembled into full-length cspC sequences, and translated into protein sequences using the ExPASy protein translate tool (Gasteiger et al., 2003) . Protein sequences were aligned and UPGMA trees were generated (with boot-strapping, 1000 iterations) using Clustal X [34] .
Reagents
Sodium taurocholate, sodium cholate, sodium deoxycholate, chenodeoxycholic acid (CDCA), and lithocholic acid (LCA) were obtained from Fisher Scientific (Waltham, MA). The CDCA and LCA were dissolved in 100% ethanol prior to use.
Statistical analysis
Analysis of variance (ANOVA), followed by Tukey's honest significant difference (HSD) test, was used to determine statistical significance of germination and growth assay results. All analyses were done at α = 0.05.
Study approval
The study was approved by the University of Minnesota Institutional Review Board (IRB). Collection of household C. difficile isolates was performed under IRB 1112M07323. The study of fecal specimens was performed under IRB 0901M56962. All human subjects provided written informed consent prior to participation in the study.
Results
Bile acids at concentrations found in feces before FMT induce germination of C. difficile spores An established spectrophotometric assay that relies on the refractive nature of bacterial spore coats and cortex was used to examine germination of C. difficile [23] [24] [25] [26] [27] . Spore coats and cortex are refractive towards light and appear bright under phase-contrast microscopy, but are rapidly degraded during the initial step of germination and become phase-dark with a concomitant decrease in light absorption at 600nm (OD600) [35] .). In a test of this system using one strain, a 20 min exposure to 2 mM TA (a germinant) in BHIS corresponded to an increase of 69.1% phase-dark and vegetative cells, compared to spores exposed to BHIS alone. In addition, 20 min exposure to 2 mM TA resulted in a 0.1% increase in colony forming units, whereas there was no detectable growth of cells exposed to BHIS alone. We used this germination assay to determine whether bile acids at the same concentrations as that found in patient feces, before and after FMT (Table 1) , induced germination of C. difficile spores. Table 1 . Average concentration of bile acids measured in patient feces before and after FMT and concentration used in bile acid combinations.
Bile acid
Concentration ( We previously demonstrated that treatment of R-CDI patients with FMT results in conversion of fecal bile acid composition from domination by primary bile acids to one dominated by secondary bile acids [22] . Here we exposed C. difficile spores from a North American Pulsedfield gel electrophoresis type 1 (NAP1) strain, which is considered hypervirulent [36] , to combinations of bile acids at concentrations measured in patient feces before and after FMT (preand post-FMT bile acids, respectively) ( Table 1) . Results in Fig 1A show that the relative OD 600 of spores exposed to pre-FMT bile acids significantly decreased (p < 0.05) compared to spores exposed to post-FMT bile acids. This indicates that the combination of intracolonic bile acids prior to FMT induced germination of C. difficile spores, while the combination of bile acids present after FMT did not.
To test whether the germination response to fecal bile acid combinations varied across C. difficile strain, we tested spores from nine additional C. difficile isolates, and the NAP1 strain, that we collected from the household environment of our R-CDI patients. These 10 isolates included representatives from four different NAP types and three distinct toxinotypes ( Table 2 ). Exposure of each of the 10 isolates to colonic bile acid combinations resulted in significant (p<0.05) germination of spores versus post-FMT (Fig 1B, S2 Table) . These results indicate that the typical fecal bile acid composition before FMT can induce germination in multiple strains and toxinotypes of C. difficile, whereas bile acids present after FMT do not.
To investigate what concentration of each bile acid in the pre-FMT combination individually contributed to C. difficile germination, we examined the effects of a range of concentrations of primary bile acids on spore germination. Taurocholate, which is a known as germinant of C. difficile spores [23, 28] caused significant (p<0.001) germination (a decrease in relative OD 600 ) of spores from all 10 isolates (Fig 2A, S2 Table) . While cholate has also been considered a germinant for C. difficile [23, 28] , we found no significant decrease in relative OD 600 of the NAP1 spores after exposure to cholate. In contrast, the relative OD 600 of spores from all other 9 isolates decreased significantly following exposure to 1 or 2 mM cholate (p<0.05 and p<0.01, respectively) ( Fig 2B) . These findings suggest that both taurocholate and cholate induce germination of spores from these clinical isolates of C. difficile.
In contrast to taurocholate and cholate, chenodeoxycholic acid (CDCA), another major primary bile acid in our pre-FMT combination, is typically found to inhibit C. difficile germination [24, 25] . Consistent with this, we found that exposure of all 10 isolates to CDCA significantly (p<0.01) inhibited the decrease in relative OD 600 seen with taurocholate alone (S1 Fig) . This result indicates that CDCA inhibits germination of spores from our C. difficile isolates.
While exposure to CDCA without taurocholate did not decrease the relative OD 600 of NAP1 spores, 2 mM CDCA caused a significant (p<0.05) decrease in relative OD 600 for all other 9 isolates (Fig 2C, S2 Table) . This suggests that greater concentrations of CDCA can induce germination of spores from some isolates of C. difficile. Overall, these findings indicate that all three primary bile acids that predominate in pre-FMT feces (taurocholate, cholate, and CDCA) can induce germination of C. difficile at sufficiently high concentrations. Furthermore, although CDCA can also inhibit taurocholate-mediated germination, the effects of cholate and taurocholate outweigh the effects of CDCA at concentrations similar to those normally found present in feces from pre-FMT patients (Table 1) .
We tested whether physiological concentrations of deoxycholate led to germination of our isolates by exposing spores to a range of concentrations inclusive of the average concentration of this bile acid in post-FMT patient feces. There was no decrease in relative OD 600 of spores from the NAP1 isolate alone or of spores from all 10 isolates after exposure to any tested concentration of deoxycholate (Fig 3A, S2 Table) . Similarly, no decrease in relative OD 600 was observed when spores were exposed to any tested concentration of lithocholic acid, the other secondary bile acid present in the post-FMT bile acid combination (Fig 3B, S2 Table) . These results indicate that the secondary bile acids deoxycholate and lithocholic acid, which are elevated in post-FMT patient feces, do not induce germination of C. difficile spores.
Overall, our findings demonstrate that primary bile acids at physiological concentrations typically observed in patient feces prior to FMT can induce germination of C. difficile spores, likely due to the dominant effects of cholate and taurocholate. Furthermore, the secondary bile acids deoxycholate and lithocholic acid do not induce germination of C. difficile at the concentrations found in patient feces after FMT. Fecal bile acids present after FMT strongly inhibit vegetative growth of C. difficile
We also investigated whether pre-and post-FMT bile acid combinations affected vegetative growth of C. difficile. Overnight cultures of all 10 isolates were grown with taurocholate to induce germination, and the resulting vegetative cells were inoculated into BHIS containing pre-or post-FMT bile acid combinations. Results in Fig 4A and S2 Fig show that the growth of cells in BHIS containing either pre-FMT bile acids or post-FMT bile acids was delayed relative to cells grown in BHIS alone. However, in 9 of 10 isolates, the OD 600 of cells after 24 h in medium with post-FMT bile acids was significantly (p<0.05) lower than cells grown with pre-FMT bile acids. This suggests that secondary bile acids present in feces of post-FMT patient also inhibited vegetative growth of C. difficile compared to bile acids found in patient feces before FMT. This effect was not likely due to a decrease in pH from the addition of bile acids, since the pH of BHIS alone was not significantly different from the pH of BHIS containing either combination of bile acids (data not shown).
Variation in germination response to bile acids may be explained by variations in the C. difficile germinant receptor
While our findings indicated that pre-FMT bile acids induced germination of C. difficile spores across a range of geno-and toxino-types, it was previously reported that there is differential response of spores from different isolates to bile acids [27] . We therefore investigated whether there was variation in the germination response of spores from five strains representative of our 10 isolates to our pre-FMT bile acid combinations. Results in S3 Fig show that while all strains germinated in response to pre-FMT bile acids, compared to those present in feces of post-FMT bile patients, this response varied by strain genotype, and was most profound in NAP7 isolates.
Variation in germination receptor
While little is known about the genetics and mechanisms of C. difficile germination, recent work has revealed that CspC, an analog of the serine protease involved in germination in Clostridium perfringens, is a germinant receptor which senses bile acids in C. difficile [37] . We therefore hypothesized that some variation in bile acid-induced germination of spores from our isolates might be due to variations in this receptor. To test this hypothesis, we generated two sets of PCR primers, which targeted the published cspC gene sequence in C. difficile [37] and successfully sequenced the cspC gene from nine of our isolates (S1 Table) . Alignment of the protein sequences translated from the sequenced cspC genes revealed that while all sequences were highly similar, CspC sequences tended to cluster by strain (Fig 5, S4 Fig) .
While sequences from the two NAP7 isolates were identical, all other sequences were more similar to each other (! 99.1% r similarity), than they were to NAP7 sequences (96.6 to 97.5% similarity) (Fig 5B) . We identified a total of 14 amino acid substitutions unique to the NAP7 isolates compared to all other isolates (Table 3) , of which 7 were conservative, 3 were semi-conservative, and 4 were non-conservative amino acid substitutions. These findings suggest that mutations in the C. difficile germinant receptor may be involved in differences in germination of spores in response to bile acids present in the feces of R-CDI patients. This, however, needs to be verified with more detailed studies.
Discussion
Although fecal microbiota transplantation (FMT) is a proven highly effective treatment for R-CDI [11] [12] [13] , its acceptance into mainstream medicine requires further development and regulatory approval [38] . Furthermore, some patients may not benefit from FMT, including those who require frequent courses of antibiotics for other infections. Therefore, there remains a need to develop non-antibiotic approaches to therapy for R-CDI. A mechanistic understanding of FMT has the potential to enable more rational development of such therapeutics. Microbial metabolism of intracolonic bile acids provides a link between the transplantation of a healthy microbiome and lasting recovery from CDI. The impact of bile acids on the C. difficile lifecycle has long been recognized. For example, taurocholate is routinely used in C. difficile culture media [28, 29] , and both taurocholate and cholate are known to induce spore germination of the bacterium [23] . In contrast, lithocholic acid, one of the dominant colonic secondary bile acids produced from primary bile acids via bacterial metabolism, is a known inhibitor of C. difficile germination [24, 25] . The impact of bile acids on pathogenicity of C. difficile is further supported by animal models of the infection. The abundance of intracolonic secondary bile acids is markedly decreased in mice treated with antibiotics and susceptible to CDI and is significantly greater in mice resistant to CDI [26, [39] [40] [41] . These findings suggest that the types of bile acids present in the colon and the ability of C. difficile to respond to those compounds may play an important role in this infection.
We previously showed that secondary bile acids are absent in the feces of patients with R-CDI syndrome, whereas primary bile acids are abundant [22] . FMT promptly normalizes the fecal bile acid composition, decreasing primary bile acid concentrations and increasing secondary bile acids to levels found in healthy individuals. Consequently, we hypothesized that suppression of secondary bile acid metabolism in the colon by antibiotics creates an environment that is favorable for C. difficile germination and growth, and that restoration of normal secondary bile acid metabolism contributes to the clinical success of FMT in the treatment of R-CDI.
We tested these hypotheses here by measuring C. difficile spore germination and vegetative growth in the presence of mixtures of bile acids at concentrations found in pre-FMT and post-FMT feces of patients treated for R-CDI. Our results indicated that both germination and growth were inhibited in all tested clinical isolates of C. difficile in the presence of post-FMT fecal bile acids (secondary bile acids) compared to pre-FMT bile acids (primary bile acids). However, recent work suggests that a model wherein primary bile acids promote C. difficile germination and secondary bile acids are inhibitory might be overly simplistic. One of the major primary bile acids in humans, chenodeoxycholic acid (CDCA), can prevent taurocholate-mediated spore germination [23, 24] . We confirmed these findings, although as previously reported we also found that high (non-physiological) concentrations of CDCA (2 mM) cause some strains of C. difficile to germinate [27] . Importantly, however, CDCA is absorbed in the colon with far greater efficiency than cholate [42] , which diminishes its intraluminal impact relative to cholate derivatives. As we have shown, the resulting low CDCA concentration in pre-FMT feces cannot fully inhibit taurocholate-and cholate-induced C. difficile germination.
Furthermore, it is not clear that secondary bile acids do not promote C. difficile germination. Deoxycholate, which is abundant in feces from healthy donors and post-FMT patient, has been shown to be a germinant for C. difficile [23, 28] . Our results, however, suggest that many C. difficile strains do not germinate in response to physiologically relevant concentrations of deoxycholate (0.5 to 2 mM) as measured in post-FMT feces. Furthermore, compared to taurocholate, even greater concentrations of deoxycholate induce only modest germination [23, 39] . Lithocholic acid, which is also elevated in post-FMT and donor feces, is not known to cause germination [25] , in agreement with our present findings. Overall, our results suggest the combination of these two bile acids do not induce C. difficile germination, and emphasizes the importance of assessing the impact of combinations of bile acids which reflect the colonic environment in human patients, rather than individual bile acids. One limitation of our study was the use of measurements of bile acids in feces, rather than true intracolonic concentrations. The process of transforming primary to secondary bile acids by bacteria, via 7α-dehydroxylation, is thought to be exclusively performed in the colon [43] . Thus, it is likely that concentrations of primary bile acids measured in the feces may underestimate those in the proximal colon, and conversely, concentrations of secondary bile acids may be overestimated. However, our results also demonstrated that post-FMT bile acids inhibit vegetative growth of C. difficile, suggesting that even if some germination can occur in healthy or post-FMT individuals, proliferation of the bacteria would be limited.
Importantly, our findings were consistent across all 10 tested C. difficile isolates, including a representative of the NAP1 strain, which is considered hypervirulent and responsible for several epidemic outbreaks of CDI [36] . Since the germination response to CDCA varies among C. difficile strains [27] , it is necessary to investigate the response of a range of isolates to these bile acids. All of our tested C. difficile strains were clinical isolates from R-CDI patients who were treated with FMT, likely representing the strains responsible for disease in these patients. Therefore, our findings are likely to be directly applicable to future R-CDI patients.
Although these findings were overall consistent across our C. difficile isolates, we also found that the magnitude of response varied by PFGE type. In particular, isolates from the NAP7 PFGE type demonstrated a notably stronger response to the pre-FMT bile acid combination. This finding is not unexpected, given previous demonstration of variation in C. difficile germination response to bile acids across a variety of strains and isolates [27] .
To explain the variation we found here, we sequenced the recently identified bile acid receptor, the serine protease CspC, from nine of our isolates [37] . Our results indicated that although CspC sequence is highly similar across isolates, the CspC sequence of NAP7 isolates is somewhat more distinct, matching well with our germination results. Although the catalytic domain of C. difficile CspC is absent [37] , limiting our ability to interpret the significance of mutations in NAP7 CspC compared to our other isolates, the presence of several non-conservative mutations suggests potential sites of interest which could be investigated further. Notably, NAP7 (ribotype 078), like NAP1, is known to be a hypervirulent strain of C. difficile and is associated with an increased mortality rate [44] . It is therefore possible that this increased sensitivity to bile acid germinants, related to mutations in the germinant receptor, is a mechanism of increased virulence in this strain. In addition to fully exploring these mutations, sequencing of the CspC protein from additional isolates, from both NAP7 and other PFGE types, will be necessary to fully understand the significance of these results.
Clinical success of FMT provides an opportunity to gain mechanistic insight into how indigenous microbial communities limit C. difficile. Mechanistic understanding is critical for rational design of new therapeutics, which may be easier to regulate than FMT and may benefit patients who do not qualify for FMT. Our results here provide strong support to the hypothesis that the observed shift in bile acid composition following FMT plays an important role in the therapeutic efficacy of the procedure.
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The study was approved by the University of Minnesota Institutional Review Board (IRB). Collection of household C. difficile isolates was performed under IRB 1112M07323. The study of fecal specimens was performed under IRB 0901M56962. All human subjects provided written informed consent prior to participation in the study. Roman numerals represent isolate number within PFGE type. Highlighted loci have previously been reported to be essential for germination [37] . Legend: Ã = conserved residue;: = conservative mutation;. = semi-conservative mutation; blank = non-conservative mutation; and NAP = North American pulsed-field gel electrophoresis (PFGE) type. (TIF) S1 Table. C. difficile cspC PCR primers used in this study.
Supporting Information
S2 Table. Mean relative OD 600 of spores from 10 isolates after 20 min exposure to bile acids.
